Composite Higgs Meets Planck Scale: Partial Compositeness from Partial
  Unification by Cacciapaglia, Giacomo et al.
NCTS-PH/1907
Composite Higgs Meets Planck Scale: Partial Compositeness from Partial Unification
Giacomo Cacciapaglia,1, 2, ∗ Shahram Vatani,1, 2, † and Chen Zhang3, ‡
1Institut de Physique des 2 Infinis (IP2I), CNRS/IN2P3, UMR5822, F-69622 Villeurbanne, France
2Universite´ de Lyon, France; Universite´ Claude Bernard Lyon 1, Lyon, France
3Physics Division, National Center for Theoretical Sciences, Hsinchu, Taiwan 300
Providing an Ultra-Violet completion valid up to the Planck scale is of paramount importance to
validate the composite Higgs paradigm, at par with supersymmetry. We propose the first complete
and feasible framework, based on partial unification of a confining hypercolor gauge group, where
couplings of the standard model fermions are mediated by both gauge and scalar bosons. We
demonstrate our approach by providing an explicit model based on a Techni-Pati-Salam unification,
SU(8)PS×SU(2)L×SU(2)R, able to generate masses for all fermion generations, including neutrinos,
via partial compositeness. We predict an Sp(4) hypercolor group, and lattice studies will be crucial
to validate the model.
The mechanisms behind electroweak symmetry
breaking (EWSB) and fermion mass generation are of
crucial importance to our quest for the fundamental
laws of nature, yet in the Standard Model (SM) they
are simply parameterized via the vacuum expectation
value of an elementary scalar [1]. The extreme economy
of the SM Higgs sector, however, precludes a deeper
understanding of how the electroweak scale is stabilized
against radiative corrections and how fermion masses and
flavor mixing are generated. A time-honored alternative
is the idea that the Higgs may emerge as a composite
pseudo-Nambu-Goldstone boson (pNGB) associated
with the spontaneous global symmetry breaking in a
new strong dynamics sector [2, 3]. Such a pNGB Higgs
could naturally behave like the SM Higgs if a hierarchy
between the electroweak scale v = 246 GeV and the
compositeness scale f ≈ O(few) TeV is generated [4].
So far, this approach has been studied in an effective
field theory approach, with no successful attempt to
construct a theory whose validity can be extended
up to the Planck scale. Only within such extensions,
composite Higgs models can be considered as serious
alternatives to the SM, at par with the most widely
studied supersymmetric scenarios. In this letter, we
propose the first complete feasible extension of this type.
The most challenging aspect in this framework is the
generation of large enough masses for the SM fermions,
especially the top quark, without contradicting flavor
constraints. This typically requires a conformal, or
walking, phase right above the confinement scale in order
to separate the scale of flavor symmetry breaking [5] from
the condensation scale. The partial compositeness (PC)
paradigm [6], which postulates a linear mixing between
the SM fermions and operators in the strong sector,
provides a promising solution at an effective theory
level. Nevertheless, Ultra-Violet (UV) completions of
PC turn out to be very challenging. There exist elegant
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constructions based on extra dimensions [7–9], which are
however not UV-complete [10–12]. Instead, we stick to
four-dimensional (4D) quantum field theories describable
by a Lagrangian [13–15], which have the virtue of being
amenable to lattice studies [16–20].
In our 4D setup, the sector of strong dynamics features
a new confining gauge group, hypercolor (HC), and a set
of new fermions (hyperfermions) charged under it. PC
is thus realized via four-fermion operators involving one
SM fermion and three hyperfermions. Remarkably, all
possible combinations of HC groups and hyperfermion
representations can be enumerated, by considering the
minimal setting in which hyperfermions are, at most, in
two distinct irreducible representations of a simple HC
group [14]. The number of solutions is essentially finite
once we take into account various constraints, especially
the requirement that the HC theory at low energy is
outside the conformal window [21, 22], i.e. it confines.
These theories are, however, not UV complete, as they
only accommodate for top PC and do not explain the
origin of the four-fermion interactions. In this letter,
we aim at offering a first truly UV complete realization
of this class of models, which includes renormalizable
interactions all the way up to the Planck scale and
for all SM generations. We note that alternative ideas
have been put forward, based on UV safety [23], on
global symmetries [24], on the presence of light HC-
ed scalars [25] or on supersymmetric dualities [26, 27].
Yet, no complete nor fully realistic proposal exists in the
literature.
There are two crucial questions that need to be
answered in this setup. First, large anomalous
dimensions of three-fermion operators are needed to
generate a large enough top Yukawa coupling [3]. This,
in turn, requires that the HC theory enters a strongly-
coupled near-conformal regime between the confinement
scale and the scale ΛF where flavor physics is generated.
The latter needs to be large enough to evade flavor
constraints. Whether this is possible or not, it can only
be established by intrinsically non-perturbative methods,
e.g. lattice simulations, while perturbative calculations
can only give a qualitative indication [28, 29].
Second, the four-fermion couplings are a valid
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2description only up to the scale ΛF where they
need to be replaced by a mediator. It is most
straightforward to envision two extreme possibilities for
UV completions. The first is to consider a chiral
gauge theory with only fermionic matter content, in
which the full gauge group experiences a series of self-
breaking to a low-energy model containing the SM
and HC gauge groups with appropriate fermion field
content. The massive gauge bosons appearing in the
self-breaking process could act as mediators for the
PC four-fermion operators. However, this approach
is very similar to Extended Technicolor [30], of which
type, despite intense efforts [31–34], no fully realistic
models have been constructed so far. The second, is to
introduce new elementary scalar mediators, as in bosonic
Technicolor [35]. The latter approach, however, would
not buy any advantage with respect to the SM Higgs
sector, in terms of radiative stability or understanding of
the flavor origins.
In this letter, we propose a class of models that stand
in between these two extremes. While we keep the
ambitious goal of building a fully realistic model, we are
modest in that high-scale elementary scalars are allowed
to exist. The crucial ingredient in our construction is
the partial unification (PU) of HC with other SM gauge
groups. 1 The massive vectors from gauge symmetry
breaking, together with high-scale scalars, act as PC
mediators. Compared to pure scalar mediation, the PU
ensures less arbitrariness as a somewhat limited number
of interactions are able to generate automatically all the
necessary four-fermion couplings. In the following, we
will present an explicit model and discuss its features,
including testable correlations in the low-energy model.
The most non-trivial issue in our PU approach
is finding the appropriate field content that, once
decomposed under the SM and HC groups, contains
the SM fermions and the needed hyperfermions, without
any gauge anomalies. There is, a priori, no guarantee
that such a solution exists for all low-energy models
in refs [21, 22]. To provide a first example, we base
our construction on simplicity: we try to embed the
SM quarks (top) and the hyperfermions generating the
Higgs in the same multiplets. To do so, it suffices to
unify the QCD color and HC as block-diagonal subgroups
of a unified group GEHC (extended-HC). Scrolling the
gauge groups in the models of ref. [14], we see that
this construction is only possible for models based on
Sp(4)HC, like model M8 in the nomenclature of ref. [22].
The template of this model contains 4 hyperfermions in
the fundamental F, transforming as a doublet of SU(2)L
and a doublet of SU(2)R, and at least 6 in the two-index
anti-symmetric A2. The latter ones carry QCD charges
and are needed to generate colored PC operators. Their
1 In contrast to Extended Technicolor, we do not require
unification with family symmetries.
Field Spin SU(8)PS SU(2)L SU(2)R # QG
Ω 1/2 8 2 1 3 1
Υ 1/2 8¯ 1 2 3 −1
Ξ 1/2 70(= A4) 1 1 1 0
N 1/2 1 1 1 3 0
Φ 0 8 1 2 1 1
Θ 0 28(= A2) 1 1 2 2
∆R 0 56(= A3) 1 2 1 1
∆L 0 56(= A3) 2 1 1 1
Ψ 0 63(= Adj) 1 1 2 0
TABLE I: Scalar and (left-handed Weyl) fermion field
content. An and Adj denote the n-index anti-symmetric and
the adjoint representations, respectively. The second-to-last
column indicates the multiplicities, while the last the global
U(1)G charges.
quantum numbers will be predicted in our model. The
first PU unification step would thus consist in unifying
Sp(4)HC × SU(3)c ⊂ SU(7)EHC, embedding the four F
with the top and bottom quark fields. To include leptons
in the model, we follow the same quark-lepton unification
mechanism of the Pati-Salam model [36], and extend
SU(7)EHC → SU(8)PS × SU(2)R. The final model,
therefore, has gauge symmetry
GTPS = SU(8)PS × SU(2)R × SU(2)L , (1)
and we dub it Techni-Pati-Salam model (TPS). The
field content of TPS is summarized in Table I, where
one can recognize the SM quarks and leptons, and the
Higgs hyperfermions, embedded in bi-fundamentals of
SU(8)PS and of the two SU(2)’s. The fermion singlet
N is introduced to explain the small neutrino masses
via an inverse see-saw mechanism [37], while Ξ is needed
to generate PC. The scalars are introduced in order to
generate the breaking of the PU gauge groups in the
following three steps:
a) SU(8)PS × SU(2)R → SU(7)EHC × U(1)E ,
b) SU(7)EHC → SU(4)CHC × SU(3)c × U(1)X ,
c) SU(4)CHC → Sp(4)HC, U(1)X × U(1)E → U(1)Y ;
and to introduce flavor mixing. Note that the first two
steps could take place at the same high scale, close to
the Planck mass, while the step c can take place at lower
energies and be radiatively induced. In the following we
will focus on the generation of the flavour couplings and
leave a detailed study of the scalar sector to a further
study. More details on this model will be presented in a
forthcoming technical publication [38].
For convenience, we adopt the following notations for
displaying representations at the HC level, e.g.
(4,3)1/6 ⇒ (Sp(4)HC, SU(3)c)U(1)Y . (2)
3The SM fermions are embedded in the Ω’s and Υ’s as
Ωp =
(
(Lpu, u
p
L, ν
p
L) 12 , (L
p
d, d
p
L, e
p
L)− 12
)
, (3)
Υp =
(
(Upd , d
pc
R , e
pc
R ) 12 , (D
p
u, u
pc
R , ν
pc
R )− 12
)
, (4)
where p = 1, 2, 3 is a family index, and the superscript
c indicates the charge-conjugated field. The subscript
±1/2 indicates the eigenvalue under the diagonal
generator of SU(2)L for Ω, and SU(2)R for Υ, of the
components. The hyperfermions have quantum numbers
Lpu/d ⇒ (4,1)0, Upd ⇒ (4,1)1/2, Dpu ⇒ (4,1)−1/2 . (5)
The 70 decomposes as Ξ =
(
Uu χ ρ η ω
Dd χ˜ ρ˜ η˜ ω˜
)
with
Uu ⇒ (4,1)−1/2, χ⇒ (5,3)−1/3, ρ⇒ (1,1)0,
η ⇒ (4, 3¯)−1/6, ω ⇒ (1,3)−1/3; (6)
while the quantum numbers of the fields in the bottom
row are conjugates of the ones in the upper row (the
two rows form conjugate multiplets of SU(7)EHC). The
role of Ξ is to contain the 6 hyperfermions in the A2
representation of Sp(4)HC, χ and χ˜. In addition, it
contains two more electroweakly charged hyperfermions,
Uu, Dd, and QCD-colored hyperfermions η, η˜ that will
play a role in the generation of lepton masses. Finally,
ω, ω˜ is a vector-like partner of the right-handed down
quarks, and ρ a neutral singlet.
The scalar fields in Table I are responsible for the
breaking of the PU gauge group: step a can be achieved
only by Φ, with vacuum expectation value vΦ; b can be
achieved by the adjoint Ψ at a scale vΨ; finally c can
be achieved by Θ at vΘ. We anticipate that the second
copy of Ψ and Θ, together with the two ∆’s, are required
to generate the necessary flavor structure in the model,
while ∆R could also participate to the breaking steps b
and c. 2 We will implicitly assume vΦ ≈ vΨ . MPl, and
vΘ ≈ ΛF . vΦ.
We are now ready to analyze the model in more details:
in this letter our goal is to demonstrate that the model
can generate the correct flavor structures and composite
dynamics at low energy. The complete UV Lagrangian
at the Planck scale can be decomposed as
L = Lkin + Lpot + LYuk , (7)
where the first term includes the kinetic terms with gauge
interactions, the second a potential for the scalar fields
Lpot = −V (Φ,Θ,∆,Ψ), and the third the fermion masses
and Yukawa couplings:
LYuk = −µpqN NpNq − µΞ ΞΞ− λαΨ ΞΨαΞ
− (λpqΦ ΥpΦNq + λpq,αΘL ΩpΘα∗Ωq + λpq,αΘR ΥpΘαΥq
+λp∆R Υ
p∆∗RΞ + λ
p
∆L Ω
p∆LΞ + h.c.) , (8)
2 At the price of breaking baryon number, as defined later in the
letter.
where p, q = 1, 2, 3 and α = 1, 2. Without loss of
generality, we can use the flavor symmetries of the scalars
to cast the vacuum expectation values on Θ1 and Ψ1,
and diagonalise µpqN and the Yukawa couplings λ
pq,1
ΘL/R in
the fermion flavour space. This simple analysis shows
that flavour structures are contained in λpq,2ΘL/R and in
the ∆L/R Yukawas, while λ
pq
Φ carries flavour structures
for neutrinos. Also, the Yukawa sector above allows
for a global U(1)G symmetry, whose charges are listed
in Table I, which is broken both spontaneously and
explicitly in the scalar potential. The latter guarantees
the absence of massless Goldstones.
To analyze how PC arises, we first study the 3rd
generation only, for which all four-fermion couplings can
be generated by gauge-mediators. By examining the
index decomposition of gauge-fermion interactions, we
can determine all vector-mediated operators. Below we
give some examples after Fierzing, while a complete list
will be presented in ref. [38]:
(D¯3uU¯u)(χt
c
R) , (U¯
3
d U¯u)(χb
c
R) , (L¯D¯d)(χ˜qL) ,
(D¯3u ¯˜η)(χν
c
τR) , (U¯
3
u
¯˜η)(χτ cR) , (L¯η¯)(χ˜lL) ;
(9)
where L ≡ (L3u, L3d), qL ≡ (tL, bL), lL ≡ (ντL, τL). The
couplings above allow to identify the PC operators: for
instance, the tcR partner TL = 〈D¯3uU¯uχ〉. We also
find that all PC operators for quarks, of which eq. (9)
is a subset, are mediated by a (4,3)1/6 vector that
acquires its mass from the EHC breaking b. Similarly,
all lepton PC operators involve η–η˜ and are mediated by
a (4,1)1/2 vector that acquires its mass from PS breaking
a. Thus the difference between the two breaking scales
may explain the t–τ mass difference. The tau neutrino
is predicted to receive a Dirac mass degenerate with
the charged tau, and for this reason we introduced the
singlet N that mixes via the Yukawa λ33Φ . Note that the
Yukawas λ1Ψ and λ
33,1
ΘL/R contribute to the masses of the
Ξ components and of the L3u/d, U
3
d , D
3
u hyperfermions.
As all of them play an important role in PC, they need
to be much lighter than the PU breaking scale, implying
λ1Ψ, λ
33,1
θL/R  1. As the scalar-mediated PC couplings
can only be proportional to λαΨλ
33,β
ΘL/R and (λ
3
∆L/R)
2,
generating sizeable couplings needs either to introduce
a second pair Θ2L/R–Ψ
2 with sizeable Yukawas, or the
∆L/R scalars. A mass split between top and bottom can
only be generated by a different running of the tcR–b
c
R PC
operators, or by the contribution of scalar mediation.
We can now analyse the more general and realistic
case with 3 generations. A first issue we encounter
is the presence of too many hyperfermions, as each
SM generation carries its own set in the multiplets Ωp
and Υp. It may be tempting to let all hyperfermions
participate in the EWSB, leading to a multi Higgs
doublet model at low energy, while the mass hierarchies
are justified by a hierarchy of hyperfermions masses,
generated by the (diagonal) λpp,1ΘL/R couplings. This
scenario, corresponding to the effective multi-scale model
4of refs [39, 40], would however be at odds with other
required properties of the hypercolor dynamics. For
flavor physics, the dynamics needs to develop an Infra-
Red (IR) near-conformal behavior (walking) in order
to generate large enough anomalous dimensions for
the PC operators. We know that χ, χ˜, η, η˜ cannot
be much heavier than the condensation scale as they
are necessary for quark and lepton PC. The Sp(4)HC
theory, therefore, has 6 × A2 (accounting for χ, χ˜) and
NF × F Weyl flavors, where NF = 20 counting all the
hyperfermions. This theory looses asymptotic freedom
for NF > 20, thus if all F–flavors are light compared to
the scale of SU(4)CHC → Sp(4)HC breaking, the theory
can at best approach a weakly-coupled IR Banks-Zaks
fixed point [41], insufficient to generate large anomalous
dimensions. On the other hand, the lower edge of the IR
conformal window, below which the theory condenses,
is expected to lie at NF ≈ 10 (using the Schwinger-
Dyson equation [42]) or NF ≈ 4 (using the Pica-Sannino
beta function [43]). Thus, it is convenient to have as
few F-hyperfermions as possible at low energy. We
will therefore assume that Lpu, L
p
d, U
p
d , D
p
u, (p = 1, 2),
acquire a large mass via a hierarchy λ11,1ΘL/R ∼ λ22,1ΘL/R ∼
O(1)  λ33,1ΘL/R. In this scenario, the EWSB is thus due
to the hyperfermions associated to the third generation
fermions. Below the scale ΛF , therefore, the theory
contains NF = 12. At this stage, only a non-perturbative
lattice calculation can prove if this theory allows for large
enough anomalous dimensions for the PC operators [44].
Furthermore, the mass generation for the 1st and 2nd
families entails the breaking of some accidental global
symmetries present in our model: a global SU(2)Lp
rotation of each Ωp multiplet individually, and a Z2p
parity under which Ωp is odd. Without explicit breaking
via family-changing Yukawas, the only possibility would
be breaking them spontaneously, leading to violation
of the ’t Hooft decoupling condition. It is, therefore,
compulsory to introduce the Θ2 field to enable the
light families to feel the EWSB. Via a mixing of the
scalar components in Θ2 and Ψ2, a flavor structure
proportional to λp3,2ΘL/Rλ
2
Ψ will be generated. Together
with the gauge mediation, this will give mass to only two
generations: masses for a third one can be generated by
the ∆–mediators, proportional to λp∆L/Rλ
3
∆L/R. Another
possibility is that box loops containing the scalars in Θα–
Ψα and the heavy 1st and 2nd generation hyperfermions
could generate sizeable PC couplings proportional to a
linear combination of λp2,2ΘL/R and λ
p1,2
ΘL/R. In the loop-
generated case, there is no need to introduce the ∆
scalars. More details will be presented in ref. [38].
In this model, baryon (B), lepton (L) and hyperbaryon
(HB) numbers can be defined in terms of the gauged
U(1)’s, namely U(1)E and U(1)X from the PU breaking,
and of the global symmetry U(1)G. With standard
assignment for the first two, and HB(L
p
u/d) = 1/2, we
find QG = 3B + L + 2HB . These symmetries are
preserved by the Yukawa couplings in eq. (8) and by
gauge interaction. However, L is broken by vΦ, like in
the standard Pati-Salam, while HB is broken by vΘ, once
the complex hypercolor group is broken. In the scenario
we presented in this letter, therefore, baryon number B is
preserved, avoiding the strong bounds from proton and
neutron decays. As a consequence, the components of
Ξ have exotic B assignments: for instance, the singlet
ρ has B = 1/2, thus forbidding any decay into SM
states. This state could therefore be an accidental Dark
Matter candidate in the model, with a mass around the
condensation scale as it is linked to the masses of χ and
η via µΞ. Small B-violation effects could be present in
the scalar potential V (Φ,Θ,∆,Ψ) via U(1)G breaking
couplings like Θα∆L/R∆L/R trilinears, and their effect
can be controlled via a small coupling constant. An
interesting variation of the model could arise from a
vacuum expectation value acquired by components of
∆R, which could be responsible for the breaking steps b
and c. Via λ3∆R, a mixing between b
c
R–ω˜ and between the
hyperfermions D3u–Uu and U
3
d–Dd is generated: either
one affects the couplings of bcR to the PC operators,
thus potentially explaining the t–b mass splitting. The
viability of this scenario, however, can only be tested once
the conformal dynamics is known, as B-violating effects
could be enhanced by large anomalous dimensions.
To conclude, we consider partial unification as an
attractive approach to construct UV complete composite
Higgs models with fermion partial compositeness. We
presented a first attempt to build a fully realistic
model based on a Pati-Salam inspired unification and
renormalizable up to the Planck scale. At low energy,
we predict a composite dynamics based on Sp(4)HC
hypercolor with 6×A2 and 12×F Weyl flavors. Lattice
validation is needed to check if such model does approach
a strongly-coupled IR Banks-Zaks fixed point, necessary
to generate large anomalous dimensions. The theory then
exits the walking regime at a lower scale, ΛHC ≈ 10 TeV,
where the Higgs coset is SU(4)/Sp(4) or SU(6)/Sp(6)
depending on the hyperfermion masses. In this letter
we have demonstrated that fermion masses and flavor
mixing can be generated, while more detailed aspects
will be presented in a forthcoming publication [38].
We focus on a scenario where baryon number is
preserved, thus avoiding proton/neutron decays, offering
as a consequence an accidental fermionic Dark Matter
candidate around the TeV scale. The results presented
in this letter offer a novel perspective on composite
dynamics for the Higgs, and open up a new direction
in studying UV completions valid up to the Planck scale.
The most interesting prediction is the dynamics at low
energy, which can be studied on the lattice. In fact,
lattice results in the conformal window are needed in
order to further study the flavor structure at low energy
and test if flavor bounds are avoided.
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